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a mixed vascular and endothelial injury.2 Although
reperfusion injury is a complex phenomenon, the neu-
trophil plays a central role in its cause and modulation.
Leukocyte depletion has been shown to ameliorate
reperfusion injury in the heart and the lungs.3-14 Despite
evidence of a beneficial effect of leukocyte depletion in
laboratory studies, the limited efficacy of currently
available mechanical filters and concerns of infective
complications in immunocompromised patient have
prevented clinical studies in lung transplantation.
Most studies of leukocyte depletion have investigated
warm ischemia or long cold ischemic periods, and it is
not known whether the benefits are applicable to the
shorter cold ischemic times (4-6 hours) seen in clinical
practice.15 Moreover, we hypothesized that a short ini-
P rimary graft failure is a common cause of mortalityand morbidity after clinical lung transplantation.1 It
is mainly due to reperfusion injury and is manifested as
Objectives: Leukocyte depletion has been shown to ameliorate the effects of
reperfusion injury in many organ systems. The aim of this study was to
investigate the effects of leukocyte depletion on functional and endothelial
markers of pulmonary performance after cold ischemic injury.
Method: Groups of 6 rat lungs were flushed with University of Wisconsin
solution and then stored at 4°C for 4 hours. They then underwent sanguine
reperfusion for 30 minutes, during which time functional measures (gas
exchange, pulmonary artery, and airway pressures) were made and after
which the lungs underwent estimation of endothelial permeability by mea-
surement of the capillary filtration coefficient (in grams per centimeter of
water per minute per grams of wet lung tissue) by a gravimetric technique.
Four groups were studied: group 1 underwent no reperfusion, group 2 under-
went 30 minutes of reperfusion, group 3 underwent 30 minutes of leukocyte-
deplete reperfusion with an in-line leukocyte filter (PALL), and group 4
underwent 10 minutes of leukocyte-depleting reperfusion followed by 20
minutes of normal reperfusion.
Results: The capillary filtration coefficient increased between group 1 and
group 2 animals (1.05 ± 0.32 to 3.07 ± 0.47 [mean ± SEM]; P < .01).
Complete leukocyte depletion caused the greatest diminution in the capillary
filtration coefficient (0.392 ± 0.07, P < .001), but initial leukocyte depletion
(group 4) also showed a significant diminution (0.74 ± 0.3, P < .01).
Complete or initial leukocyte depletion caused no significant change in func-
tional measures of pulmonary performance. Complete leukocyte depletion
produced less pulmonary leukostasis, as assessed by means of myeloperox-
idase activity.
Conclusion: Initial and continued leukocyte depletion are associated with
amelioration of reperfusion-induced endothelial injury after cold ischemic
injury.  (J Thorac Cardiovasc Surg 2000;120:47-54)
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tial period of leukocyte-depleting reperfusion would
have a beneficial effect equivalent to that of continued
leukocyte-depleting reperfusion after a period of
hypothermic lung preservation.
Methods
Isolated rat lung grafts were reperfused in a circuit by use
of a parabiotic animal.16 During reperfusion, functional
indices of graft performance (gas exchange, airway pressure,
and pulmonary artery pressure) were measured, and at the
end of the reperfusion period, the capillary filtration coeffi-
cient,17 wet/dry weight ratios, and myeloperoxidase activity
were assessed.
Male Sprague-Dawley rats (Charles River Laboratories,
Kent, United Kingdom) weighing 450 to 600 g were used. All
animals received humane care in compliance with the United
Kingdom Government’s Animals (Scientific Procedures) Act
of 1986, and all procedures were performed with the use of
terminal anesthesia. Halothane and oxygen inhalation and
intraperitoneal ketamine/metatomadine were used for anes-
thetic induction and maintenance, respectively. Animal lungs
and isolated lung grafts were ventilated with the use of
Harvard rodent ventilators (Harvard Apparatus, Kent, United
Kingdom).
Graft harvest. After anesthesia, tracheostomy was per-
formed with a 13-gauge venous cannula, and the animal’s
lungs were ventilated with a tidal volume of 10 mL/kg, a rate
of 70 breaths/min, and 2 cm of positive end-expiratory pres-
sure. Median sternotomy was carried out followed by division
of pleura and pericardium and retraction of the thymus. The
aorta and pulmonary artery were then encircled with a ligature
passed through the transverse sinus. Heparinization (1000
U/kg) was performed through the inferior vena cava, which
was then ligated to diminish venous return. An incision was
made in the right ventricular outflow tract, and a spiggoted
arteriotomy cannula was advanced into the pulmonary artery
and secured with the transverse sinus ligature. The left ven-
tricular apex was then amputated to allow venting. University
of Wisconsin solution (DuPont Pharmaceuticals, Letchworth
Garden City, United Kingdom) was then infused at a dose of
60 mL/kg at 4°C under 20 cm H2O pressure. Ventilation con-
tinued while the flush was completed, at which point the tra-
cheostomy tube was clamped with the lungs fully inflated.
The spigoted cannula was then changed for an appropriately
primed and amputated triple-lumen catheter. The heart-lung
block was then excised and stored in University of Wisconsin
solution at 4°C for 4 hours. Control blocks then had a second
amputated triple-lumen catheter placed in the left atrium
through the ventriculotomy. Reperfusion blocks had this can-
nula inserted after their period of reperfusion.
Reperfusion. Support animals were anesthetized and venti-
lated and placed on a homeothermic warming blanket. After
median sternotomy and pleural and pericardial division, the
left superior vena cava (SVC) was cannulated with an 18-
gauge cannula. The right SVC was cannulated with a 16-
gauge cannula that was passed through the right atrium into
the suprahepatic inferior vena cava. Deoxygenated blood
drawn through the right SVC cannula was delivered hydrosta-
tically into the pulmonary artery of the donor block through
the triple-lumen catheter. The blood then drained through the
left ventriculotomy and was collected and returned by using a
peristaltic pump (Variable speed peristaltic pump, Harvard
Apparatus) through the left SVC cannula to the right atrium of
the support animal. The support animal and donor block were
ventilated in the same manner as the donor animal. The extra-
corporeal circuit consisted of an inner blood-carrying tube
encased in an outer warming jacket with a countercurrent
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Fig 1. Schematic diagram of leukocyte-depletion reperfusion circuit.
38°C water circulation circuit. The lung block was mounted in
a Plexiglas (Rohm and Haas Company, Philadelphia, Pa) per-
fusion chamber with an outer warming jacket. The circuit was
primed with heparinized blood from a further 2 animals and
maintained air and bubble free.
Leukocyte-depleting reperfusion. Leukocyte-depleting
reperfusion was achieved by the use of an in-line PALL
J1179 leukofilter (Pall Europe, Portsmouth, United
Kingdom). This was placed in circuit between the block
effluent and the cannula into the support animal left SVC dis-
tal to the peristaltic pump (Fig 1). It was placed here to facil-
itate an adequate pressure through the filter to allow filtration
with associated leukocyte depletion. A bypass circuit was
placed around the filter to allow the filter to be in-line or off-
line in the circuit. Thus in the initial 10-minute, leukocyte-
depleted, reperfusate series, the filter was left in-line for the
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Fig 2.  Full leukocyte depletion. Results are expressed as means ± SEM.
initial 10-minute period and then placed off-line for the last
20 minutes. The circuit was fully primed with leukocyte-
depleted blood.
Measurements. Graft effluent was sampled at 2, 5, 10, 15,
20, and 30 minutes for gas tension. The pulmonary artery
pressure was measured through a limb of the triple-lumen
catheter, as was the airway pressure through the tracheostomy
tube.
Two hundred–microliter samples of blood were taken for
estimation of white cell number from 3 points in the circuit:
1. Proximal to the donor block (position A)
2. Proximal to the filter (position B)
3. Distal to the filter but proximal to the left SVC cannula
(position C)
Samples were taken at 0, 5, 10, 15, and 30 minutes during
the reperfusion period.
The white blood cell number was estimated by using a
Sysmex NE8000 (Sysmex Corporation of America, Long
Grove, Ill).
Capillary filtration coefficient. A modification of the
method of Drake and colleagues17 was used to assess the cap-
illary filtration coefficient (Kfc). This is a gravimetric tech-
nique in which Kfc is calculated from the plot of the rate of
lung weight gain as a function of hydrostatic stress placed on
the pulmonary vasculature. By using a nonhemic but physio-
logic iso-osmotic perfusate of L15 (Sigma Chemical Co, St
Louis, Mo) and fetal calf serum in the ratio of 9:1, a hydro-
static stress was applied to the isolated lung under test by
increasing the pulmonary artery pressure. On application of a
known hydrostatic pressure, there was initially a short period
of rapid weight gain attributable to recruitment and cardiac
filling. Subsequently, a slow weight gain phase occurred, and
by extrapolating the slope of this rate of weight gain to time
zero, the initial rate of fluid flux was estimated. Kfc can be
calculated from this initial rate of fluid flux by application of
the Starling-Landis equation.
Postcaval lobes of ischemic or reperfused heart-lung blocks
were identified, ligated, and removed for estimation of
wet/dry ratio and myeloperoxidase assay. The block was sus-
pended from a force transducer (Harvard Apparatus) with
continuous weight monitoring by using a pen recorder
(Harvard Apparatus) through a 3-gauge stainless steel wire
passed through the esophagus, and ventilation was main-
tained as previously. The pulmonary artery and the left atrial
cannulas were connected in turn. A pressure of 4 mm Hg was
applied to the arterial cannula by elevation of the L15/fetal
calf serum reservoir. Equilibration of the circuit was assessed
to have occurred when the left atrial pressure matched the
pulmonary artery pressure, thus equaling the pulmonary cap-
illary pressure. At this point, the arterial pressure was raised
to 5 mm Hg, and the weight gain trace was recorded for a 10-
minute period. The arterial pressure was finally raised to 7
mm Hg, and the trace was recorded for a further 10-minute
period. The blocks were then taken down, and the parenchy-
mal lung tissue excised for estimation of wet/dry ratio by des-
iccation (Pearce Edwards Freeze Drier EPTD3; Edwards,
Sussex, United Kingdom).
Myeloperoxidase assay. Myeloperoxidase occurs mainly
in the primary granules of neutrophils, and it is used as a
quantitative marker of neutrophil sequestration in pulmonary
tissue. A modification of the assay of Goldblum and col-
leagues18 was used to assess myeloperoxidase activity.
Samples of the postcaval lobe were taken, snap frozen in liq-
uid nitrogen, and stored at –70°C until analysis. Fifty-mil-
ligram pieces of tissue were homogenized with 200 µL of
water to give a 1:5 dilution; this was further diluted with
water to a 1:25 dilution, and the resulting suspension was
centrifuged at 5000 rpm for 5 minutes. Twenty-microliter
samples of the supernatant were added to 180 µL of substrate
(containing 0.167 mg/mL σ-dianisidine 2HCl and 0.0005%
H2O2 [final volume, 3 ml of 1:30 dilution]) in wells and left
for 15 minutes, after which absorbance was read at 472 nm
on an enzyme-linked immunosorbent assay reader.
Synchronously standard curves were prepared by using
known quantity of myeloperoxidase (Sigma Chemical Co)
where 1 unit produced an increase in absorbance (∆A472) of 1
per minute.
Myeloperoxidase activity in the samples was calculated
from their relative change in absorbance and the known activ-
ity of the enzyme standard.
Experimental protocol. Four groups of randomly
assigned lung blocks (n = 6) were used. Group 1 (control)
underwent flush, excision, storage for 4 hours, and measure-
ment of filtration coefficient. Group 2 (normal reperfusion)
underwent flush, excision, storage, and 30 minutes of non-
leukocyte-depleting reperfusion, followed by measurement
of filtration coefficient. Group 3 (complete leukocyte-deplet-
ing reperfusion) underwent flush, excision, storage, and 30
minutes of reperfusion with the filter in-line, followed by
measurement of filtration coefficient. Group 4 (initial leuko-
cyte-depleting reperfusion) underwent flush, excision, stor-
age, and 10 minutes of reperfusion with the filter in-line, fol-
lowed by 20 minutes of reperfusion with the filter off-line.
After this second period, measurement of the filtration coef-
ficient occurred.
Statistical analysis. Data are expressed as mean values ±
SEM. Group means of final measurements were compared by
using analysis of variance (Newman-Keuls). Analysis of
repeated measures was carried out by multiple analysis of
variance. Analysis was carried out by SPSS software (SPSS
Inc, Chicago, Ill).
Results
Capillary filtration coefficient. There was a sig-
nificant rise of capillary filtration coefficient between
groups 1 and 2 (1.048 ± 0.316 to 3.063 ± 0.466,
P < .01) demonstrating reperfusion-induced hyperperme-
ability. This effect was ameliorated by complete leuko-
cyte-depleting reperfusion (0.392 ± 0.027, P < .001) and
by initial leukocyte-depleting reperfusion (0.735 ± 0.121,
P < .01), but there was no significant difference between
the two leukocyte-depleting strategies.
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Functional measures. The functional data (Figs 2
to 4) suggest that there were no significant differences
with respect to functional measures between the nor-
mally reperfused, the leukocyte-depleted reperfused,
and the initially leukocyte-depleted reperfused
groups.
Wet/dry ratio. There was no significant difference
between the wet/dry ratios of groups 2 and 3 (5.653 ±
0.124 to 5.205 ± 0.169, P = .47) nor any between
groups 2 and 4 (5.374 ± 0.402, P = .42).
White blood cell count. The absolute leukocyte
number of group 3 experiments at position A (Fig 1)
climbed to a plateau after 5 minutes (Fig 4). The effi-
ciency of extraction of leukocytes (defined as the
absolute leukocyte number at B/absolute leukocyte
number at C) increased with time, suggesting that the
PALL filter was working efficiently (Fig 5).
Myeloperoxidase assay. There was a significant
diminution in myeloperoxidase activity between
groups 2 and 3 (50.9 ± 11.3 to 28.6 ± 6.4, P < .05),
demonstrating reduced pulmonary leukostasis after
continued leukocyte depletion. There was a reduction
in myeloperoxidase activity in group 4 (31.3 ± 4.9, P =
.25), but this did not reach significance.
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Fig 3. Initial leukocyte depletion. Results are expressed as means ± SEM.
Discussion
This study demonstrates that increased endothelial
permeability seen after 30 minutes of reperfusion after
4 hours of hypothermic preservation is reduced by
leukocyte-depleting reperfusion. This endothelial pro-
tection is despite the relative inefficiency of complete
leukocyte depletion by the mechanical filter. Moreover,
a 10-minute initial period of leukocyte-depleting reper-
fusion seems to offer a similar degree of protection as
that offered by complete leukocyte-depleting reperfu-
sion against this endothelial damage. At this preserva-
tion period, complete leukocyte depletion produces less
pulmonary leukostasis than normal sanguineous reper-
fusion.
Neutrophil-derived effector mechanisms are central
to the cause of reperfusion injury in many organ sys-
tems.19-22 Because of this role, leukocyte depletion has
been investigated as a means of ameliorating reperfu-
sion injury in the heart3,4 and has been found to be clin-
ically effective.23-25 Leukocyte depletion has also been
shown to reduce pulmonary injury associated with car-
diopulmonary bypass,8,26 although less efficient meth-
ods of leukocyte depletion have yet to demonstrate effi-
cacy.27
Leukocyte depletion is very difficult to achieve.
Seibert and colleagues14 demonstrated that even lungs
undergoing continued nonhemic perfusion contained
significant numbers of endogenous neutrophils. It is
also possible that the role of sequestered neutrophils in
the lung may be different than that in other organs.28
The role of leukocyte depletion in ameliorating pul-
monary injury is controversial because injury can also
occur in their absence. However, several studies have
demonstrated that leukocyte depletion can ameliorate
pulmonary reperfusion injury.5-14 Eppinger and col-
leagues29 have suggested that there is a biphasic pattern
to endothelial damage with respect to pulmonary injury
and that the early part of this is independent of neu-
trophil participation. Further studies with a warm
ischemic model reperfused with an asanguineous medi-
um (PSS-Ficoll) have suggested that neutrophils play
no part in the evolution of reperfusion-induced
endothelial damage.28
Conversely, lung transplant recipient animals
immunodepleted of neutrophils before transplantation
demonstrate improved graft function.5 Mechanical
leukocyte depletion has also been shown to diminish
free radical activity and histologic injury after a 2-
hour warm ischemic insult.6,7 Other workers8,9 have
noted the beneficial effect of an in-line filter in a car-
diopulmonary bypass circuit in relation to pulmonary
function. Ross and colleagues30 in a novel rabbit 18-
hour preservation model noted that efficient mechan-
ical leukocyte depletion resulted in less microvascular
injury with increased functional performance and less
neutrophil sequestration, although the method of
assessing microvascular permeability has been ques-
tioned.31 Finally, a number of studies have demon-
strated the beneficial effects of leukocyte depletion in
models of lung and heart-lung transplantation.10-13
Schueler and colleagues,10 in a bovine double lung
transplant model with donor and recipient mechanical
leukocyte depletion, demonstrated improved lung
function (as defined by histologic and functional cri-
teria) after 24 hours of ischemia. Pillai,11 Breda,12
Bando,13 and their colleagues, all using heart-lung
blocks, similarly found better pulmonary function
after variable periods of cold ischemia (12-24 hours)
with leukocyte-depleted reperfusate. This study
demonstrates that 10 minutes of leukocyte-depleting
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Fig 4.  Change in absolute leukocyte number with time at the donor lung block.
reperfusion confers similar endothelial protection as
prolonged leukocyte-depleting reperfusion. This find-
ing has been previously demonstrated in the heart4 but
not, to our knowledge, in the lung. The initial reper-
fusion of an implanted organ for a 10-minute period
by use of a partially leukocyte-depleted source of
blood is clinically feasible and counters any objec-
tions of whole body leukocyte depletion in the
immunocompromised transplant recipient.
Leukocyte depletion by means of mechanical filtra-
tion is difficult to attain in any sanguineous circuit con-
nected to a support animal or in the clinical situation.
Where the circuit is not connected to a support animal,
very considerable leukocyte depletion can occur, down
to 0.6% of normal levels.30 However, in situations
where recruitment of leukocytes can occur from a num-
ber of sources, including the lung and bone marrow, it
is not possible to attain such levels. The degree of
leukocyte depletion in this group of experiments can be
seen to be analogous to levels seen in clinical leukocyte
depletion during cardiopulmonary bypass.26,27,32
The ability of sustained leukocyte depletion to reduce
reperfusion-induced hyperpermeability is intuitive con-
sidering the important role of the neutrophil in reperfu-
sion injury. However, it is more difficult to understand
the mechanism of initial leukocyte-depleting reperfu-
sion. It is possible that maximal neutrophil-related
injury occurs early after reperfusion but that the conse-
quences of this injury are not evident until a later time.4
It might also be possible that susceptibility of the
endothelium to neutrophil-mediated injury diminishes
over time. This was not investigated in this group of
experiments and would be difficult to study in any
parabiotic model that necessitated the exposure of
blood to foreign surfaces. Although initial and sus-
tained leukocyte depletion did not affect simple func-
tional measurements, this may have been due to the
limited study period.33
Initial and prolonged leukocyte-depleting reperfu-
sion of hypothermically preserved lung grafts reduces
endothelial injury and, in the case of prolonged deple-
tion, reduces pulmonary neutrophil infiltration. These
findings demonstrate the importance of the neutrophil
in the cause and modulation of pulmonary reperfusion
injury. Initial leukocyte depletion has clinical potential
in the prevention of primary graft failure.
We thank Dr P. Davies (Department of Statistics,
University of Birmingham, United Kingdom) for kind assis-
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